Nanosized zeolite molecular sieves of different Si/Al ratios have been prepared using microwave hydrothermal reactor (MHR) for their greater application in separation and catalytic science. The as-synthesized molecular sieves belong to four different type zeolite families: MFI (infinite and high silica), FAU (moderate silica), LTA (low silica and high alumina), and AFI (alumina rich and silicafree). The phase purity of molecular sieves has been assessed by X-ray diffraction (XRD) analysis and morphological evaluation done by electron microscopy. Broad XRD peaks reveal that each zeolite molecular sieve sample is composed of nanocrystallites. Scanning electron microscopic images feature the notion that the incorporation of aluminum to MFI zeolite synthesis results in morphological change. The crystals of pure silica MFI zeolite (silicalite-1) have hexagon lump/disk-like shape, whereas MFI zeolite particles with Si/Al molar ratios 250 and 100 have distorted hexagonal lump/disk and pseudo spherical shapes, respectively. Furthermore, phase pure zeolite nanocrystals of octahedron (FAU), cubic (LTA), and rod (AFI) shape have been synthesized. The average sizes of MFI, FAU, LTA, and AFI zeolite crystals are 250, 150, 50, and 3000 nm, respectively. Although the length of AFI zeolite rods is in micron scale, the thickness and width are of a few nanometers.
Introduction
Microporous aluminosilicate molecular sieves known as zeolites have regular arrays of uniformly sized pores, defined channel system, control density of active sites, large surface area, and ion-exchange property and admit molecules below a certain critical size into their internal space which makes them useful for many shape and size selectivity based applications [1, 2] . Ion-exchange and catalytic and adsorptive properties of molecular sieve materials originate from acid sites which further arise from the presence of accessible hydroxyl groups associated with tetrahedral framework of aluminum in a silica matrix. Furthermore, Si/Al ratio of the molecular sieve affects its hydrophobicity/hydrophilicity which in turns affects its solvent dehydration and recovery performance [2] [3] [4] [5] [6] [7] . The LTA membranes have already been commercialized for their greater application in alcohol dehydration because of their hydrophilic nature and high alumina content [8] . Furthermore, extensive studies have been made on MFI (silicalite-1, ZSM-5), FAU (zeolite Y), and AFI (AlPO 4 -5) zeolite materials for gas separation, catalytic reactors, petrochemicals, pervaporation, and even medical diagnostics applications [9] [10] [11] [12] [13] . Sometimes, zeolites suffer from low diffusion efficiency due to the small pore size, especially when they are used for applications associated with large molecules/separation process. Therefore, the efficiency of these processes can be significantly improved by switching to nanosized materials because the diffusion limitation can be greatly eliminated by using nanosized zeolite particles that would offer a shorter diffusion path as well as more active sites on the external surface [14] . Studies using nanosized zeolite crystals for esterification of cyclohexanol with acetic acid showed that the catalytic activity depends directly on the external surface area and improved porosity present in nanocrystalline ZSM-5 zeolite [15] . Particle size reduction to nanometer actually increases the ratio of external to internal atoms; therefore, zeolite nanoparticles possess large external surface area and higher activity [16] . Furthermore, pervaporation process has gained widespread acceptance in the chemical industry as an effective process for separation 2 Journal of Nanomaterials of azeotropic mixtures; however, the crystallinity of zeolites that provides these attractive features imposes challenges on film fabrication, for example, to minimize the effect of grain boundary defects on permeation properties and to avoid stress-induced crack formation [17] . These problems can only be solved by having nanosized zeolite crystals for suspension preparation and seed coating.
The numbers of nanomaterial synthesis strategies have been reported for liquid phase hydrothermal synthesis process such as biomimetic, microemulsion, microfluidic, microwave, sonochemical, and template techniques. All these techniques are well known. The microwave chemistry is a well-established technique in organic synthesis but its use in inorganic nanomaterials' synthesis is still far away from reaching its full potential. However, its rapidly growing use suggests that microwave chemistry will play an outstanding role in the broad field of nanoscience and nanotechnology [18] . Microwaves assisted syntheses of zeolite molecular sieves have many advantages such as high phase purity, fast crystallization, homogenous heating, and narrow particle size distribution. Furthermore, microwave hydrothermal synthesis process is not only helpful in the production of nanosized particles in shorter period of time but also useful in morphology controlled molecular sieves synthesis [19, 20] .
As our research interest is mainly focused on the synthesis of high performance membrane (zeolite membrane, hybrid membranes, and superflux membranes) and novel gas adsorption materials, therefore, an attempt was made to synthesize nanosized microporous molecular sieves using microwave hydrothermal reactor by liquid phase synthesis route consisting of three steps. The selection of zeolite molecular sieves for synthesis was made on the basis of their widespread applicability in different fields of science. Moreover, selected molecular sieves have different Si/Al ratio, pore structure, pore size, channel type, and morphologies. Zeolite molecular sieves (MFI, FAU, LTA, and AFI) having different porous character (structure and size), surface morphology, shape, size, and most importantly Si/Al ratios have been synthesized by liquid phase routes using microwave hydrothermal reactor (CEM, Discover-909150, maximum power of 300 W). The reported liquid phase microwave synthesis process consists of 3 steps: aging of precursors' reaction mixture at 25 ∘ C for 24 h, crystallization at 75 ∘ C for 1 h, and finally crystallization at 150 ∘ C for 1.5 h (AFI zeolite molecular sieves synthesis) with medium speed stirring. Although the aging of precursors reaction mixture was made in the microwave hydrothermal reactor, it does not make any impact on the characteristics of final product as aging in open atmosphere results in similar morphology and crystallinity product to that of microwave aging. Detailed synthesis conditions with chemical compositions and their codes have been summarized in Table 1 . In all the syntheses, hydrothermal precursor gel of around 21 g was loaded in a 35 mL glass vial which was then capped with silicone/polytetrafluoroethylene and placed in microwave hydrothermal reactor. After the synthesis, the resultant milky suspensions containing nanosized zeolite molecular sieves were cooled to room temperature and diluted with deionized water. The resulting nanocrystals were then separated from mother liquor by high speed centrifugation at 15000 rpm for 20 min followed by repeated redispersion in deionized water and centrifugation (washing step was repeated 5 times).
Experimental

Materials and Phase Pure Nanomolecular Sieves Synthesis.
Powder X-ray diffraction studies of zeolite samples were made on PANalytical X'Pert PRO diffractometer with Cu-K radiation ( = 1.5418Å) and the data was collected in 2 range 5-60
∘ with a step size of 0.02 ∘ s −1 . Phase identification was performed with the help of JCPDS files for inorganic compounds (MFI ∞ #98-004-1052 and #48-0136, MFI 250 and MFI 100 #98-006-2274, FAU #98-015-3354, LTA #97-002-4901, and AFI #98-009-1674). In addition, surface morphological studies of zeolite molecular sieves particles were also made with scanning electron microscope (SEM, JEOL-JSM-7000F) and the elemental composition was measured with energy dispersive X-ray spectrometry (EDS). The particle size and particle size distributions were measured by light scattering analysis (Nanotrac Wave, Microtrac, Inc.) at 298 K. The light provides a beam of wavelength ( ) at 780 nm which is scattered by the velocities of the particles so that the signal frequency shifts according to the Doppler Effect. The power spectrum of the interference signal is calculated by a high speed Fourier transform digital signal processor and inverted to give particle size distribution (PSD). The PSD in volume percent were calculated by Microtrac FLEX 11 operating software.
Results and Discussion
Nanomolecular sieves of different Si/Al ratio (infinite, high, moderate, low, and zero) have been successfully synthesized using microwave hydrothermal reactor for their greater application in separation science, petrochemicals, catalytic science, sensors, and so forth. As reported in Table 1 , synthesis of FAU and AFI zeolite types nanomolecular sieve took little longer synthesis time, because it has always been difficult to synthesize structure sensitive zeolite molecular sieve such as FAU zeolite type and morphology sensitive AFI zeolite type where controlled addition of alkali and acidic solution is a must condition to have desired phase and morphology, respectively; otherwise, fast structural transformation of FAU to LTA type zeolitic framework will take place. This is the main reason for a little longer crystallization (8 h FAU and 12 h AFI) at 150 ∘ C in comparison to 1.5 h crystallization for all other zeolite types. However, these 8 and 12 h of crystallization are much shorter than those of days of crystallization by conventional heating process. The following paragraphs are devoted to the detailed discussion of individual zeolite nanomolecular sieves of different Si/Al ratios.
Pure Silica MFI ∞ (Silicalite-1) Zeolite Nanomolecular
Sieve. SEM micrograph of pure silica MFI zeolite type molecular sieves (Figure 1, MFI ∞ ) shows the formation of well-developed nanocrystals with regular morphology. These nanocrystals have smooth edged hexagonal lump/disk-like shape of size around 200 nm. The XRD pattern reported in Figure 2 , MFI ∞ , represents the high phase purity of as-synthesized silicalite-1 zeolite molecular sieves. The PSD curve of the same sample reported in Figure 3 , MFI ∞ , reveals the narrow particle size distribution which means all the particles are of similar sizes. Silicalite-1 has been one of the most studied materials for gas separation, catalytic reactor, pervaporation, and so forth, because of its size and shape selectivity properties. The MFI type zeolite framework structure is described as a combination of two interconnected channel systems. It consists of a system of sinusoidal channels (along ) with a circular cross section (5.1Å × 5.5Å) which are interconnected with straight channels (along ) of elliptic cross section (5.3Å × 5.6Å). Both channels are defined by 10-member rings (MR) [21] . Furthermore, the pure silica composition induces hydrophobic character, high thermal and chemical stability, and resistance to acidic environment. Due to the nonpolar framework structure of silicalite-1, it is of great demand in membrane science for the separation of mixtures of light hydrocarbons. 250 and MFI 100 (ZSM-5) Zeolite Nanomolecular Sieve. The high silica ZSM-5 zeolite is of great interest as it displays unique catalytic properties, making it useful in a number of petrochemical and oil refining processes [22] . ZSM-5 with the MFI zeolite type structure has been recognized as a prime candidate for the practical catalytic cracking because of its considerable resistance to deactivation by coking as well as its strong acidity [23] . So, we decided to synthesize ZSM-5 zeolite nanomolecular sieves with high silica content. SEM images of MFI 250 and MFI 100 reported in Figure 1 reveal that the ZSM-5 samples have different shape, size, and morphology. MFI 250 zeolite sample contains distorted hexagonal lump/disk shape nanocrystals of size around 200 nm, whereas the MFI 100 zeolite crystals look like pseudo spheres and their sizes are much bigger than MFI 250 zeolite crystals. The average size of MFI 100 zeolite crystals is around 450 nm. A close look at MFI 100 zeolite crystals indicates that each nanosphere is further composed of nanocrystallites of size 5-10 nm (Figure 1, MFI 100 ). Even though with the change in Si/Al ratio a change in shape, size, and morphology of MFI zeolite nanomolecular sieves is observed (Figure 1, MFI 250 and MFI 100 ), framework structure remains intact (Figure 2 , MFI 250 and MFI 100 ). The XRD patterns of both samples corresponded well with that of MFI zeolite molecular sieves with the earlier reported and JCPDS data file #98-006-2274 [23] . These diffraction patterns also reveal the high phase purity of as-synthesized ZSM-5 zeolite nanomolecular sieve samples as no other phase was observed. Although the peak positioning of diffraction patterns is the same for both samples (MFI 250 and MFI 100 ), a remarkable decrease in the intensity of characteristic peak at 23. and MFI 100 ). 4.4 (NaY) Zeolite Nanomolecular Sieve. FAU-type zeolite has unique properties with larger zeolitic pore (7.4Å), cage-like framework structure, hydrophilic character, ion-exchange property, and higher polarity so that the FAU-type zeolite materials could be multipurpose separators for dehydration, organic-organic separation such as polar/nonpolar mixtures, gas separation such as CO 2 extraction, vapor-gas separation, and so forth, [24] . The FAU zeolite type (zeolite Y) is also the main component of fluid catalytic cracking (FCC) catalysis. Furthermore, pervaporation process has gained widespread acceptance in the chemical industry as an effective process for separation of azeotropic mixtures and NaY zeolite membranes show high alcohol selectivity in the separation of alcohol-benzene, cyclohexane, or methyl tert-butyl ether [10, 24] . Due to the versatile nature of NaY (FAU) zeolite, in the present work, the same has been synthesized as a potential zeolite molecular sieve with moderate silica content. SEM images of as-synthesized FAU zeolite nanomolecular sieve by using CSS as silica source are presented in Figure 1 , FAU 4.4 . These images show octahedron morphology of FAU zeolite nanocrystals. The particle size evaluation of this sample reveals that FAU 4.4 zeolite nanomolecular sieve sample has particles of size around 150 nm with smooth faces and sharp edges (Figure 1, FAU 4.4 ) . But low magnification top-left inset image in Figure 1, 
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Low Silica LTA 1 (NaA) Zeolite Nanomolecular Sieve.
As we discussed in the previous subsections that high and moderate level silica containing zeolite molecular sieves are of paramount importance, similarly, the following couple of paragraphs will be devoted to the importance and applicability of low silica/high alumina zeolite molecular sieves in the different fields of science.
LTA zeolite is considered the first synthetic zeolite as well as highly commercialized zeolite molecular sieve. Nanostructure LTA zeolite has high hydrophilicity, maximum number of exchangeable cations, microporous character with channel opening size of 4.1Å (NaA zeolite), and so forth. The SEM image of LTA 1 zeolite nanomolecular sieve sample (Figure 1 , LTA 1 ) demonstrates the uniform growth of LTA zeolite cubic crystals. SEM micrograph as well as LSA data (Figure 3 , LTA 1 ) reveals the narrow PSD of cubic crystal and the average size of each cube is around 60 nm. Comparing the SEM micrographs ( Figure 1 ) and PSD peak positioning reported in Figure 3 , we found that LTA 1 zeolite cubes are smallest in size among all other zeolite molecular sieves reported in this paper. XRD pattern (Figure 2 , LTA 1 ) confirms the crystal structure and high phase purity of as-synthesized LTA 1 zeolite nanomolecular sieve.
Silica-Free AFI 0 (AlPO 4 -5) Nanomolecular
Sieve. Traditionally, the definition of the zeolite-type materials was porous crystalline solid having three-dimensional framework structures consisting of silicon, aluminum, oxygen, and exchangeable cations. In 1982, Wilson and coworkers developed a new class of zeolite-like inorganic crystals denoted by AlPO 4 -n (n indicates a structural type), whose structures are constructed with AlO 4 and PO 4 [25, 26] . From the past decade, AlPO 4 -n molecular sieves have been extensively applied in separation science, sensors, optics, and so forth. Due to the microporous character, these molecular sieves find greater utility in the separation and recovery of gases from shale gas and flue gas.
AFI 0 molecular sieve crystals synthesized in dilute condition and with HF acid added in a single step exhibit rodlike morphology with dimensions of 5-50 m in length and 1-4 m in cross section diameter (Figure 1, AFI 0 ) . Top-left inset SEM image in Figure 1 , AFI 0 , indicates that each micron size AFI rod is composed of a number of small sizes rods and the top-right inset image confirms our claim. The area highlighted by the dotted circle reveals oriented arrangement of crystals and a close view asserts that in actual rod crystals were composed of flat sticks shape crystals (top-right inset, Figure 1 , AFI 0 ). The broad diffraction peaks that appeared in the XRD pattern of AFI 0 molecular sieve (Figure 3 , AFI 0 ) may correspond to these ultrathin films (sticks). The PSD curve reveals the broad size distribution of AFI 0 molecular sieves and crystals size lies in micron scale.
In order to achieve the nano-AFI (AlPO 4 -5) molecular sieve, a number of experiments were performed by controlled addition of HF acid, crystallization time, aging time, and so forth. The SEM micrographs of as-synthesized ultrathin suggests that by controlling the synthesis condition and initial composition of reaction mixture we can synthesize uniform size ultrathin AlPO 4 -5 nanomolecular sieve which has not been reported earlier. spectra in Figure 5 , and the relative proportions of elements in terms of weight % and atomic % are reported in Table 2 . EDS spectra of MFI type zeolite molecular sieves show strong elemental signal only for oxygen and silicon, as the aluminum content is very, very low in these samples (pure silica MFI ∞ zeolite sample). On the other hand, the intensity of aluminum signal increases for aluminum rich zeolite molecular sieves in the following order: FAU 4.4 < LTA 1 < AFI 0 ( Figure 5 ). Atomic % data tabulated in Table 2 reveals that the elemental molar ratio of the final product is quite close to the composition of the starting materials and desired Si/Al ratios.
Conclusion
Nanosized zeolite molecular sieves of different Si/Al ratio ranging from infinity to zero, with independent shape, size, morphology, crystal structure, microporosity, hydrophilicity, and so forth, have been successfully synthesized using MHR. These nanomolecular sieves shall be utilized in hybrid membrane synthesis, zeolite membrane seeding, catalytic application, and gas adsorption studies in our future course of work. Ultrathin flat stick shape AFI nanocrystals with high aspect ratio will be more useful for the fabrication of mixed matrix membrane if we could horizontally align them on/in polymeric membrane surface. The most important characteristic of these lamellar materials (sheet shape inorganic filler of aspect ratio >10) is that, by carefully manipulating the orientation of their packing order, an ultrathin skin layer can be obtained with no sacrifice of selectivity compared to conventional filler with low aspect ratio morphology [27] . Although we did not perform growth mechanism studies for any of these molecular sieves, as per reports and our earlier studies, the clear solution synthesis mainly follows growth by monomer (solution-mediated transport), and heterogeneous precipitation (use of inorganic precursors) synthesis follows aggregative growth mechanism [28, 29] .
